It is advantageous for industrial pipes to have small bending radii because of several advantages such as smaller space and less costs. However, the mechanical properties of such bent pipes often deteriorate, especially at the outer sections, due to the smaller thickness; in general, the properties worsen as the pipe bending radii decrease. Therefore, it is important to investigate the mechanical properties of bent pipes having smaller radii than is conventional. In this study, to verify the applicability of such bent pipes with small bending radii, the fatigue properties for a small radius of curvature from 1.52.0 diameter ratio (DR) have been investigated. Our pipe material was low carbon steel (SA106Gr-B) having the chemical compositions of 0.3C, 0.29Mn, 0.4Cr, and 0.4Cu (mass%). The high cycle fatigue, microstructure, hardness, and residual stress of two bent sections ® extrados and intrados regions ® were compared with those of the raw material section. Low carbon steel pipes have better fatigue characteristics at the bent section than at the raw material section. The improvements in the fatigue strength of specimen resulted from grain refinement and phase transformation, while compressive residual stress at surface of bent pipe remained by thermo-mechanical processing can give better fatigue properties in fields.
Introduction
Steel tubes are extensively employed in various industrial applications such as in power plants, transportation systems, and chemical industries. Typically, the pipelines used in industrial facilities have extremely stringent requirements, for example, high strength, ductility, toughness, and corrosion resistance. Various methods have been employed to manufacture pipes that meet the mechanical characteristics requirements of pipes; among them, the bending process employing local induction heating is an efficient method since bent pipes of various radii can be produced with lower costs and higher quality. Many studies have been conducted to predict and verify these mechanical characteristics; 16) however, they were localized and primarily focused on specific specimens and did not adequately consider products with small curvature (or bending) radii.
Small pipes with smaller bending radii have many advantages such as smaller space requirements and lower costs. However, the mechanical properties of such bent pipes with small radii can deteriorate, especially in the outer sections, due to smaller thicknesses, and, in fact, their properties worsen with decreasing bending radii. Therefore, it is important to investigate the mechanical properties that can enable the optimum utilization of pipes having smaller radii than those of conventional bent pipes in structural facilities.
In this research work, we have investigated the effects of thermal, metallurgical, and mechanical properties on the final distortions and residual stresses during metal quenching processes. According to the American Society of Mechanical Engineers (ASME) standards, the recommended curvature of bent pipes is >2.0 diameter ratio (DR). 7) In this study, to verify the applicability of bent pipes with small bending radii, the fatigue properties for a small radius of curvature from 1.52.0 DR have been investigated. We have compared the high cycle fatigue strength, microstructure, hardness, and residual stress of two bent sections ® the extrados and intrados regions ® with the raw material section. Moreover, the finite element method (FEM) has been applied to investigate the residual stress distribution of the bent pipe.
Experiment
The pipe bending process involves a local induction heater, radial arm, rapid cooling using a water cooling device, and continuous feeding by a pusher and guider roller; our setup is shown in Fig. 1. 4) The pipe material was low carbon steel (SA106Gr-B) having the chemical compositions of 0.3C, 0.29Mn, 0.4Cr, and 0.4Cu (mass%). Table 1 shows the mechanical properties and chemical compositions of SA106Gr-B. In the pipe bending process, it is very important to control the pipe thickness to ensure its good performance. The thinning ratio should be <5% when the outer diameter, pipe thickness, and bending radius are 170, 11.0, and 253 mm (1.5D), respectively. Our aim is to investigate the mechanical properties to verify the applicability of bent pipes with nonuniform thicknesses. In particular, in this study, the fatigue endurance limits of the bent sections were compared with those of the raw material. The reasons for changes in the fatigue characteristics were investigated by examining the microstructure, hardness, and residual stress distribution of the bent pipe. Figure 2 (a) shows the extracting directions of the test pieces in both tensile and fatigue tests, while Fig. 2(b) shows a sub-sized high cycle fatigue test specimen.
Finite Element Method (FEM) Analysis
Various stressstrain curves 8) were drawn for strain rates of 0.004, 0.02, and 0.048 s ¹1 at two temperatures, 900 and 950°C, as shown in Fig. 3(a) . Further, to simulate the residual stress of pipes, a 3D FEM model was designed, as shown in Fig. 3(b) . Since the pipe bending structure on the X-Z plane is symmetrical, only the half part of +Y needs to be analyzed. In this simulation, the pipe was defined as a rigid-viscoplastic material, the punch and others as having a rigid body, and guide ring and punch having no friction with the pipe. Further, the pipe was considered to be fed by a punch ® and modeled as a manipulator ® from the left-hand side under boundary conditions. The process conditions are described in Table 2 .
Discussions

Microstructure and hardness
In order to confirm the properties of bent pipes, the microstructure and hardness were observed and measured. The ratio of the thinning of the thickness of the bent pipe used in testing was controlled to be below 5%. The extrados and intrados thicknesses were 10.8 and 11.8 mm, respectively, and the raw material thickness was 11.0 mm. From Fig. 4 , the microstructure of the raw material was ferrite with pearlite band. Furthermore, in the case of the extrados and intrados regions, the microstructure grain was finer than that for the raw material due to the plastic deformation and rapid quenching. The grain sizes of the extrados and intrados regions outside the pipe were 15.6 and 19.6 µm when the size for the raw material was 50.7 µm. Figure 5 shows the hardness distributions of the raw material and extrados and intrados regions. The hardness values of the bent sections at all the positions were higher than those of the raw material. Moreover, the hardness at the surface was higher than inside both the extrados and intrados regions because of grain refinement 9) and phase transformation by the rapid quenching process.
Mechanical characteristic of bended pipe
Tensile and fatigue tests were performed to investigate the properties of the bent section. The tensile strength of the extrados region was the best, followed by that of the intrados region, and finally that of the raw material (Fig. 6) . The fatigue strengths of the raw material and intrados and extrados regions were approximately 430, 450, and 500 MPa, respectively. However, as elongation is contrary with strength change, intrados and extrados is lower than raw material within the range of 0.10.2. The fatigue endurance limit measured by using the high cycle fatigue test increased by 2070 MPa in the bent section such as in the intrados and extrados regions.
4.3
Residual stress of bent pipe applying local induction heating 4.3.1 Measuring of residual stress by non-destructive method The residual stress at the pipe surface was measured at the region of interest, as shown in Fig. 2(a) , by using X-ray scanning testing equipment supplied by StressTech·. This equipment can measure up to a distance of 0.5 µm inside the surface. Before the testing, the surface oxidation layer of the bent pipe was eliminated by electrolytic polishing (Fig. 7) . The compressive residual stresses of the bent sections were higher than those of the raw material. Table 3 shows the residual stress values measured along the longitudinal direction of pipe by the non-destructive method. At all positions, the residual stresses represent the compressive states. Furthermore, the entire bent section shows a higher compressive stress than the raw material. The residual stress is also compressive at the extrados region, but, here, the material is elongated and the thickness then becomes thinner due to grain refinement and phase transformation by rapid quenching (Fig. 5) . 4.3.2 Measuring of residual stress by destructive method The residual stresses were measured by a destructive testing method called the hole-drilling gauge method based on the ASTM E837-08. The measured positions evaluated for investigating the metallurgical and mechanical properties are shown in Fig. 8 . The drilling depth was located every 0.1 mm to a depth of 1.6 mm from the surface. Three-element (a) (c) (b) Fig. 4 Microstructures of bent pipe (©100): (a) raw material, (b) intrados, and (c) extrados. Table 3 Longitudinal residual stresses measured by non-destructive method.
Position no. rectangular rosette strain gages (Vishay Co., USA) were attached to the pipe surface along the circumferential direction, as shown in Fig. 8 . The pipe surface was drilled at 0.1-mm intervals up to 1 mm, and the principal residual stress at each depth was measured. As shown in Fig. 8 , the transition depth of the compressive residual stress from compressive to tensile in the extrados region existed from the surface to 0.3 mm, while in the intrados region, the residual stress existed from the surface to the 0.5 mm. 4.3.3 FEM Simulation of bending process FEM simulation was conducted to determine the residual stress distribution of the bent pipe when both bending and rapid quenching are considered simultaneously, as mentioned in Fig. 1 . Figure 9 shows the results as well as the 1st principle stress of the pipe during the process.
The surface stresses at both the extrados and intrados regions show the compressive state due to the thermal stress. On the other hand, the compressive residual stresses of the raw material changed into tensile stress at the extrados region before quenching because the material at the extrados region is elongated.
Comparison of measured values and simulation
results for residual stress The measured residual stress and simulation results were compared, as shown in Fig. 10 . The residual stress is compressive at the surface and tensile inside both intrados and extrados regions. The two residual stress distributions show identical tendencies although the measured values are overestimated than the simulation results (especially for inside the pipe). 
Conclusions
The radii of bent pipe should be made smaller since pipes with smaller bending radius have more advantages, but the mechanical properties of such small bent pipe often deteriorate. In this paper, we have investigated the mechanical properties of smaller radii pipes as compared to those of conventional bent radii pipes. The high cycle fatigue, microstructure, hardness, and residual stress of two bent sections prepared using low carbon steel and by applying induction heating ® extrados and intrados regions ® were compared with those of the as-received section. Low carbon steel showed better fatigue characteristics at the bent section than at the raw material section. Improvements in the fatigue strength of specimen resulted from grain refinement and phase transformation, while compressive residual stress at surface of bent pipe remained by thermo-mechanical processing can give better fatigue properties in fields. 
